lower PAI-2-levels at 16 weeks (p < 0.01) in the rPS subgroup, the intergroup differences being larger in women with subnormal PV. Conclusion: We showed that former PS patients who developed rPS have raised fibronectin-and reduced PAI-2-levels already in early/mid pregnancy. These deviations are even more prominent in women with subnormal pre-pregnant PV, supporting development of a 2-step screening program for former patients to identify the high-risk subgroup of women who may benefit from closer surveillance.
Introduction
Preeclampsia (PE) is an epitome of the placental syndrome (PS) constituting a major cause of maternal and perinatal morbidity and mortality worldwide. PE has an overall incidence of 4.6% [1] , with a higher chance of recurrence in about 25% of former preeclamptic patients [2] .
Other clinical disorders within the spectrum of PS are gestational hypertension (GH), fetal growth restriction and/ or fetal demise due to placental dysfunction. PS tends to recur in the next pregnancy in any of these different clinical entities [3] . Although the onset of PS is usually in the late second and third trimester, it is strongly associated with defects of placentation in early pregnancy [4] , characterized by defective remodeling of uterine spiral arteries [5] leading to placental dysfunction as indicated by both inadequate fetal supply of oxygen and nutrients and excessive release of placental endothelio-toxic microparticles [6] [7] [8] .
Fibronectin is an extracellular matrix protein released by fibroblasts in the vessel wall in response to mechanical stimuli. Fibronectin promotes fibrin deposition in the extracellular matrix [9] . Therefore, this protein is regarded as a marker for endothelial stress [10] . On the other hand, plasminogen activator inhibitor-2 (PAI-2) is a placentaspecific protease inhibitor [11] released by trophoblast cells. The circulating PAI-2 level typically varies as a function of the total amount of trophoblast [10] . PAI-2 accelerates the conversion of plasminogen into plasmin, which in turn degrades a blood clot [11] . Increased fibronectin and decreased PAI-2 levels precede PE onset as early as at 20 weeks pregnancy [12] [13] [14] [15] . Whether these abnormal peripheral levels also prevail earlier in pregnancy in women who later develop PE is unclear.
Previously, we identified a subnormal pre-pregnant plasma volume (PV) as an independent risk factor for recurrent PE in former patients [17] . We also found a higher cardiovascular sympathetic activity in women with a subnormal PV, which indicates a higher level of mechanical stress exerted upon their endothelium [18] .
We postulate that in former PS patients, abnormal circulating levels of fibronectin and PAI-2 at 12-16 weeks precede the development of recurrent PS (rPS) in their next pregnancy. To this end, we compared circulating fibronectin and PAI-2 levels before and at 12-16 weeks of the next pregnancy in a cohort of former PS patients who eventually did (n = 12) and did not (n = 24) develop rPS later on during their pregnancy. In addition, we explored whether the presence of a subnormal pre-pregnant PV enables to more accurately identify former patients who actually develop rPS in their next pregnancy.
Methods
This retrospective, longitudinal, observational cohort study was performed at the Maastricht University Medical Center, Maastricht, the Netherlands, between January 2002 and December 2010. Former 'severe' PS patients underwent extensive serial monitoring in a specialized obstetrical unit as part of their individual risk assessment. They underwent various examinations before and during the first half of their next pregnancy. PS was considered 'severe' when its clinical onset was early (<34 weeks) and/ or the infant's birth weight was low (<2.3%) due to placental dysfunction as diagnosed on the basis of abnormal fetal biometry (asymmetric growth) and/or Doppler tracings of the uterine arteries. The study protocol was approved by the institutional Medical Ethics reviewing Committee (MEC 10-4-049). During the study period, we followed women prospectively. Deep-frozen serum samples from 50 women were available for further analyses. Since pre-existing hypertension is also associated with endothelial dysfunction [20] , we only enrolled normotensive women (excluding 14 women), all being primiparous, and subdivided them into 2 subgroups depending on whether they did (rPS, n = 12) or did not develop recurrent maternal PS (non-rPS, n = 24) later on during their pregnancy.
To determine the impact of the pre-existent endothelial reserve capacity, we stratified these 2 groups into subgroups based on their pre-pregnant PV as follows: (1) normal PV (NPV) and non-rPS in the next pregnancy (n = 12); (2) NPV and rPS in the next pregnancy (n = 5); (3) low PV (LPV) and non-rPS in the next pregnancy (n = 12); and (4) LPV and rPS in the next pregnancy (n = 7). All participants were Caucasian.
We defined PE as GH, as described in detail previously [21] . A newborn was considered small-for-gestational-age (SGA) when the birth weight was below the 10th centile, based on the most recent Dutch birth weight reference curves [22] . A PV below 48 ml/ kg·lean body mass (kg·lbm) was defined as 'subnormal', as opposed to a 'normal' PV, which was ≥ 48 ml/kg·lbm [23] .
We estimated pre-pregnant PV by the I 125 -labeled albumin indicator dilution method [23] . We collected a venous blood sample after an overnight fast before pregnancy and again at 12-16 weeks in the next pregnancy. These samples were immediately centrifuged and the supernatant plasma stored at -80 ° C for the later measurement of fibronectin and PAI-2 levels. Fibronectin was determined nephelometrically (Image Beckman Coulter L02.2626. SE1, Beckman Coulter, Fullerton, USA). PAI-2 was determined by ELISA (IMUBIND PAI-2 ELISA, American Diagnostica Inc., Stamford, USA). PAI-2 measurement was only measured in the 2 samples obtained in pregnancy.
We performed statistical analyses using IBM SPSS Statistics for Windows version 20.0 (SPSS, Armonk, N.Y., USA). Data are presented as medians with interquartile range (IQR) for numerical variables and as numbers (with %) for categorical variables. IQRs are presented as 25th and 75th percentiles. Differences between the 2 subgroups were tested using the Mann-Whitney U test for numeric variables and the Fisher's exact test for categorical variables. The differences in longitudinal trends in outcome parameters between subgroups were assessed using linear mixed models with time (categorical: pre-pregnant, 12-16 weeks of pregnancy), group and group * time as fixed factors and an unstructured covariance structure for the repeated measurements. The interaction of time with the subgroups was assessed to evaluate whether the time course of a studied parameter differed significantly between the groups. Pregnancy outcome and serum levels of fibronectin and PAI-2 were also compared between subgroups based on either the development of rPS (hypertensive vs. normotensive pregnancy) or the presence of a normal or subnormal pre-pregnant PV (LPV vs. NPV). The latter included the following comparisons: NPV-non-rPS vs. NPV-rPS, LPV-non-rPS vs. LPV-rPS, NPV-rPS vs. LPVrPS, and NPV-non-rPS vs. LPV-non-rPS. A p value <0.05 was considered to indicate statistical significance. Table 1 lists baseline demography and table 2 lists pregnancy outcomes of the study population. Both former PS patient groups were comparable, although the variation in most variables was large. Table 3 shows that the former patients in the rPS group differed from those in the non-rPS group by higher fibronectin levels at 12-16 weeks (p < 0.05 and p < 0.01, respectively) and by ≈ 30% lower PAI-2 levels at 16 weeks (p < 0.01). These differences were similar when only the more homogeneous subgroup of former patients with a history of GH was included (data not shown). While fibronectin levels did not change over time, the PAI-2 levels increased consistently between 12 and 16 weeks (p < 0.001 in both groups). Table 4 shows that stratification of pregnancy outcome based on pre-pregnant PV did not lead to clustering of baseline demographic features in either of the former PS patient group. Table 5 presents the results from the subgroup analysis after subdividing both the rPS and non-rPS groups into normal and subnormal PV subgroups. Despite comparable incidences of rPS in both PV subgroups (5 of 17 (29%) cases in the NPV subgroup and 7 of 19 (37%) cases in the LPV subgroup), this subdivision led to clear intergroup differences in fibronectin and PAI-2 levels. Circulating fibronectin levels in LPV-rPS subgroup were higher than in LPV-non-rPS subgroup (p = 0.001). Even though pregnancy induced a decline in the fibronectin levels in LPV-rPS subgroup, these levels were still higher than in the 3 other PV subgroups at mid-pregnancy.
Results
Meanwhile, in all subgroups except LPV-rPS, circulating PAI-2 levels increased between 12 and 16 weeks (p < 0.001). As a consequence, PAI-2 levels at 16 weeks were lower in LPV-rPS than in both LPV-non-rPS and NPVrPS (p < 0.01 and p < 0.05, respectively).
Discussion
In this exploratory study, we found that in the subgroup of former PS patients with a subnormal PV, those who developed rPS in their next pregnancy differed from their counterparts who did not develop rPS by higher fibronectin and lower PAI-2 levels, mainly at 16 weeks of gestation. Our results are in line with our previous observations [19, 24] that (1) both elevated fibronectin levels and subnormal PV prior to a next pregnancy predispose former PS patients to rPS in their next pregnancy and (2) rPS is preceded by indirect signs of placental insufficiency already at 12 weeks. Interestingly, in a previous study, Data are presented as median (IQR), unless noted otherwise. MAP = Mean arterial pressure; GA = gestational age. * Per definition significant difference (p < 0.05) between groups, no significant differences in other values found. Data are presented as estimated means (SE), using linear mixed model. GA = Gestational age. a Significant difference (p < 0.05) between LPV-non-rPS and LPV-rPS. b Significant difference (p < 0.05) between NPV-rPS and LPV-rPS. * Within-group changes: LPV-rPS showed a significant decline in fibronectin levels at 12 and 16 weeks GA, compared to the pre-pregnant value.
** Within-group changes: except for LPV-rPS, all groups showed a significant rise in PAI-2 levels at 16 weeks GA.
we found that in the non-pregnant state endothelial activation seems to indicate a lower endothelial functional reserve capacity, and thus probably also a lower cardiovascular reserve capacity [25] .
Obviously, a major limitation of this study was the modest size of our study population which limits its statistical power. Therefore, we were unable to determine robust cutoff values for fibronectin and PAI-2, which are needed to estimate the positive and negative predictive values. In conjunction with the exploratory character of this study, we also decided not to correct for multiple testing or confounders but to perform subgroup analysis instead. The observed differences between non-rPS and rPS, and the results of the subgroup analysis support the view that former PS patients developing rPS in their next pregnancy can be identified among their counterparts who do not develop rPS, on the basis of 3 parameters: (1) prepregnant PV, (2) circulating fibronectin and (3) PAI-2 levels at 16 weeks. In this context, it is relevant to mention that fibronectin is an easy, fairly accurate and non-invasive method to estimate endothelial function [10] . This also applies to PAI-2 levels, which vary as a function of total amount of trophoblast. In most cases, low peripheral PAI-2 levels in mid-pregnancy are consistent with the presence of a relatively small placenta, without providing information on placental function [18] . PAI-2 inhibits urokinase-type plasminogen activator and both are produced by trophoblast cells at the fetal-maternal interface. Reduced circulating PAI-2 levels at 12-16 weeks are often an early sign of imminent placental dysfunction possibly due to defective fibrinolytic activity in the intervillous space because of enhanced fibrin deposition, a common feature in pregnancies complicated by a PS. Lastly, our study groups show a heterogenous obstetrical history, which could be a source of bias or confounding factor. Yet, PE, GH, SGA and IUFD all predispose to each other in a subsequent pregnancy [3] and share a common placental etiology [7, 8] . Nevertheless, despite the aforementioned limitations, this study is still unique because of the preconceptional and early-to mid-pregnant measurements.
Several other research groups reported that abnormal fibronectin [13, 15, [27] [28] [29] and PAI-2 levels [14, [30] [31] [32] precede the onset of a PS, presumably from 20 weeks pregnancy onward [13-15, 29, 30, 32] . One study measured fibronectin at 13 weeks, but the authors only performed a trend analysis based on 3 consecutive measurements in the first, second and third trimester [16] . Our data indicate that former PS patients -previously identified with a subnormal pre-pregnant PV -may already have raised fibronectin levels at 12 weeks.
Previously, we reported that a subnormal PV prior to pregnancy predisposes former PS patients to rPS in their next pregnancy [17] . Subnormal PV is a suitable surrogate for reduced venous capacitance and is accompanied by raised cardiovascular sympathetic activity [18, 23, 33] , both independently predisposing not only to rPS [17] , but also to premature cardiovascular morbidity [34] .
In conclusion, this study supports the concept that former PS patients with a subnormal PV destined to develop an rPS in their next pregnancy differ from their counterparts who do not develop rPS in their next pregnancy by elevated peripheral fibronectin levels together with reduced circulating PAI-2 levels at 16 weeks pregnancy. It follows that the former PS patients may benefit from a 2-step approach consisting of a pre-pregnancy PV measurement followed by a PAI-2 and fibronectin measurement at 16 weeks to determine the risk of developing rPS. Obviously, our findings require confirmation in a much larger population to determine the predictive power of this model before being implemented in clinical practice. Currently, no suitable predictive tests are available to guide the management of former PS patients in future pregnancies. Thus, exploring novel strategies based on plausible biological molecules involved in the pathogenesis of PS women, could offer new perspectives to guide the management of these high-risk pregnancies.
